Effect of Processing Routes on AZ31 Alloy Processed By Severe Plastic Deformation  by Avvari, Muralidhar et al.
 Procedia Materials Science  5 ( 2014 )  1560 – 1566 
Available online at www.sciencedirect.com
2211-8128 © 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of Organizing Committee of AMME 2014
doi: 10.1016/j.mspro.2014.07.343 
ScienceDirect
,QWHUQDWLRQDO&RQIHUHQFHRQ$GYDQFHVLQ0DQXIDFWXULQJDQG0DWHULDOV(QJLQHHULQJ
$00(
(IIHFWRI3URFHVVLQJ5RXWHVRQ$=$OOR\3URFHVVHG%\
6HYHUH3ODVWLF'HIRUPDWLRQ
0XUDOLGKDU$YYDUL 1DUHQGUDQDWK6 6KLYDQDQGD1D\DND+
'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ1DWLRQDO,QVWLWXWHRI7HFKQRORJ\.DUQDWDND6XUDWKNDO6ULQLYDVDQDJDU.DUQDWDND,QGLD
$EVWUDFW
(TXDO&KDQQHO$QJXODU3UHVVLQJ(&$3LVRQHRIWKHSURPLVLQJWHFKQLTXHVLQ6HYHUH3ODVWLF'HIRUPDWLRQ63'
XVHGWRUHILQHWKHJUDLQVL]HRIWKHPHWDOVDQGLWVDOOR\V7KHPDLQDLPRIWKHSUHVHQWVWXG\LVWRJLYHDQLQGHSWK
NQRZOHGJHRIHIIHFWRISURFHVVLQJURXWHVRQ$=DOOR\LQ(&$3SURFHVV,QWKLVSURFHVVLQJURXWH$URXWH&DQG
URXWH%FDUHXVHGWRUHILQHWKHJUDLQVL]HRI$=DOOR\XSWRWZR(&$3SDVVHVDWDWHPSHUDWXUHRI.,QLWLDO
DYHUDJHJUDLQVL]HRIWKHDVUHFHLYHGPDWHULDOZDVIRXQGWREHP)XUWKHULWZDVUHGXFHGWRPP
DQGPIRUSURFHVVLQJURXWH$URXWH&DQGURXWH%FUHVSHFWLYHO\0HFKDQLFDOSURSHUWLHVRIWKH$=DOOR\DUH
H[SHULPHQWDOO\ HYDOXDWHG IRU WKUHH SURFHVVLQJ URXWHV 7KH SHUFHQWDJH HORQJDWLRQ RI WKHPDWHULDOZDV IRXQG WR EH
LQFUHDVHGZLWK LQFUHDVLQJ QXPEHU RI SDVVHV0D[LPXPPLFURKDUGQHVV RI WKHPDWHULDO ZDV REVHUYHG LQ URXWH%F
ZKHQFRPSDUHGWRURXWH$DQGURXWH&
  7KH$XWKRUV3XEOLVKHGE\(OVHYLHU /WG
6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI 2UJDQL]LQJ&RPPLWWHHRI$00(
.H\ZRUGV (&$35RXWHV$=0LFURVWUXFWXUHDQG 0HFKDQLFDO3URSHUWLHV
 ,QWURGXFWLRQ
(TXDOFKDQQHODQJXODUSUHVVLQJLVDPHWDOIRUPLQJWHFKQLTXHXVHGWRUHILQLQJWKHJUDLQVL]HXSWRXOWUDILQHJUDLQ
VL]HRUHYHQQDQRVL]HRIWKHPDWHULDOV /XLVHWDO 7KHGHWDLOHGRYHUYLHZRIWKH(&$3 ZDVVRH[SODLQHGE\
9DOLHYDQG/DQJGRQ,WKDVEHHQSURYHGDVDYHU\XVHIXOWHFKQLTXHWRHQKDQFHWKHPHFKDQLFDOSURSHUWLHVRI
WKHPHWDOVDQGWKHLUDOOR\V 7KDPHWDO$=DOOR\LVXVHGH[WHQVLYHO\ DVVWUXFWXUDOSDUWVLQPDQ\LQGXVWULDO
&RUUHVSRQGLQJDXWKRU7HO
(PDLODGGUHVV VHHPXUDOL#JPDLOFRP
© 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of Organizing Committee of AMME 2014
1561 Muralidhar Avvari et al. /  Procedia Materials Science  5 ( 2014 )  1560 – 1566 
DSSOLFDWLRQVVXFKDVDHURVSDFHDQGDXWRPRELOHLQGXVWULHV 1DJ\HWDO%XW $=ZURXJKWPDJQHVLXP PDWHULDO
KDVKH[DJRQDOFORVHGSDFN+&3VWUXFWXUHDQGWKHLUVOLSV\VWHPVDFWLYDWLRQDWURRPWHPSHUDWXUHLV LQVXIILFLHQWWR
DFFRPPRGDWH XQLIRUP SODVWLF GHIRUPDWLRQ RIPDJQHVLXP DOOR\V 0DMLG HW DO  (&$3ZDV XVHG WR$=
DOOR\IRU LPSURYLQJ WKHPHFKDQLFDOSURSHUWLHVZLWKGLIIHUHQW WHPSHUDWXUHV IRU URXWH%F <HQHWDO (&$3
SURFHVVZDV XVHG WR GHIRUP WKH$O&X IRU URXWH$%D%F DQG& XS WR  SDVVHV IRU LPSURYLQJ WKHPHFKDQLFDO
SURSHUWLHVDWGLIIHUHQWFRQGLWLRQVQDPHO\DVUHFHLYHG6ROXWLRQLVHGDW.IRUKUDQG6ROXWLRQLVHGDW.
IRU KU DJHG DW . IRU KU YHQNDWDFKDODP HW DO  7XEXODU DOXPLQXP SURGXFWV ZHUH SURGXFHG XVLQJ
(&$3SURFHVVZLWK DQ DQJOHRI  IRU URXWH$ URXWH%D URXWH%F DQG URXWH&XS WRSDVVHV WR HQKDQFH WKH
PHFKDQLFDOSURSHUWLHVRIWKHPDWHULDO 9DOGHUHWDO0D[LPXPJUDLQUHILQHPHQWRIPDWHULDOFDQEHREWDLQHG
WKURXJKSURFHVVLQJ URXWHVDQG LWV IROORZLQJGLUHFWLRQVEHWZHHQHDFKFRQVHFXWLYHSDVVHV LQ WKH(&$3GLHFKDQQHO
6ROLPDQHWDO
0RVWRIWKHUHVHDUFKHUVKDYHEHHQUHSRUWHGRQPLFURVWUXFWXUHHYDOXDWLRQZLWKUHVSHFWWRLQFUHDVHLQ QXPEHURI
(&$3SDVVHV7KHUHLVDOLWWOHGDWDDYDLODEOHRQHIIHFWRISURFHVVLQJURXWHVRQPLFURVWUXFWXUHDQGSURSHUWLHVRI$=
DOOR\ DW PRGHUDWH WHPSHUDWXUH 7KH PDLQ DLP RI WKH SUHVHQW VWXG\ LV WR JLYH LQ GHSWK NQRZOHGJH RQ HIIHFW RI
SURFHVVLQJURXWHVZKLFKLQIOXHQFHVWKHPLFURVWUXFWXUHDQGPHFKDQLFDOSURSHUWLHVRI$=DOOR\(&$3SURFHVVZDV
FDUULHGRXWRQ$=DOOR\XSWRSDVVHVRIHDFKSURFHVVLQJURXWHDWDWHPSHUDWXUHRI.
 ([SHULPHQWDOZRUN
)LJ UHSUHVHQWVWKHVFKHPDWLFGLDJUDPRIHTXDO FKDQQHODQJXODUSUHVVLQJZLWKDGLHDQJOHRI DQGFRUQHUDQJOH
ZDV KDYLQJDVWUDLQDURXQGLQHDFKSDVV$FRPPHUFLDO$=DOOR\UROOHGVKHHWZDVPDFKLQHGLQWRURGVWRD
GLDPHWHURI PPDQGD OHQJWKRIPP$=DOOR\URGVZHUHKRPRJHQL]HG IRUKRXUVDWD WHPSHUDWXUHRI
.WREULQJDOOFRQVWLWXHQWVLQWRDVLQJOHSKDVHEHIRUH(&$3SURFHVV
)LJ (TXDO&KDQQHO$QJXODU3UHVVLQJ(&$3 VHWXS
7KH(&$3H[SHULPHQWZDVFDUULHGRXWE\URXWH$URXWH&DQGURXWH%FXSWRSDVVHVDWDWHPSHUDWXUHRI.
)RUHDFK(&$3SDVVKHDWLQJSODWHVZHUHDUUDQJHGDURXQGWKHGLHWRSURYLGHGHVLJQDWHGWHPSHUDWXUH6SHFLPHQZDV
KHOGLQWKHFKDQQHOIRUWKHVDPHWHPSHUDWXUHLQRUGHUWRUHDFKVWDELOL]DWLRQEHWZHHQWKHGLHDQGVSHFLPHQ*UDSKLWH
ZDV XVHG DV D OXEULFDQW WR UHGXFH WKH IULFWLRQ EHWZHHQ GLH DQG VSHFLPHQ 7KH SUHSDUDWLRQ RI VDPSOH IRU WHVWLQJ
LQYROYHVPHFKDQLFDOSROLVKLQJXVLQJGLIIHUHQW6L&SDSHUVLQDGGLWLRQWKHFROORLGDO$O2 DQGGLDPRQGSDVWHZHUH
XVHGWRDFKLHYHPLUURUVXUIDFHILQLVK3LFUDOUHDJHQWZDVXVHGWRHWFKWKHSROLVKHGVXUIDFHRIWKHVDPSOHWRREVHUYH
WKHPLFURVWUXFWXUH 0ROQDUDQGMDJHU0LFURVWUXFWXUHVWXG\ZDVFDUULHGRXWE\OLQHDULQWHUFHSWLRQPHWKRGWR
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NQRZWKHJUDLQVL]HRI$=DOOR\XVLQJDQLPDJHDQDO\]HU%,29,66RIWZDUH+DUGQHVVWHVWZDV FDUULHGRXW XVLQJ
9LFNHUVPLFURKDUGQHVVWHVWULJE\DSSO\LQJORDGRIJZLWKDVLJQLILFDQWWLPHRIV7HQVLOHWHVWVSHFLPHQZDV
SUHSDUHGDVSHU$670(VWDQGDUGIROORZLQJ WKHJDXJH OHQJWKRI PPDQGDGLDPHWHURI PP7KH WHVWZDV
FDUULHGRXWXVLQJ+RXQVILHOG7HQVRPHWHUWRDQDO\]HWKHWHQVLOHSURSHUWLHV
 5HVXOWVDQG'LVFXVVLRQ
 0LFURVWUXFWXUHYDULDWLRQZLWKWKUHHGLIIHUHQWSURFHVVLQJURXWHV
)LJ  UHSUHVHQW WKHGLVWULEXWLRQRI DYHUDJHJUDLQ VL]HRI$=DOOR\ IRU WKUHHSURFHVVLQJ URXWH$& DQG%F
,QLWLDODYHUDJHJUDLQVL]HRIWKH$=DOOR\ZDVIRXQGWREHPXVLQJOLQHDULQWHUSRODWLRQPHWKRG7KHDYHUDJH
JUDLQ VL]H RI WKH SURFHVVLQJ URXWH $ URXWH & DQG URXWH %F ZDV UHGXFHG WR  P  P DQG  P
UHVSHFWLYHO\DIWHU(&$3SDVVHVDWDWHPSHUDWXUHRI.,WFDQEHREVHUYHGIURP)LJ WKDWWKHJUDLQUHILQHPHQW
ZDV HIIHFWLYH LQ URXWH %F ZKHQ FRPSDUHG WR URXWH $ DQG URXWH & *HQHUDOO\ VXE JUDLQ IRUPDWLRQ DIWHU VKHDU
GHIRUPDWLRQRFFXUUHGLQ(&$3GXHWRWKHPHFKDQLVPRIG\QDPLFUHFU\WDOL]DWLRQ6LPLODUUHVXOWVKDYHEHHQUHSRUWHG
DQGSURYHGWKDW WKHPDWHULDOGHIRUPDWLRQLVPRUHLQURXWH%FWKDQRWKHUSURFHVVLQJURXWHVDWGLIIHUHQWDQJOHVZLWK
GLIIHUHQWFRQGLWLRQV 5DGLDQG0DKPXGL<LQHWDO0HDQZKLOHPLFURVWUXFWXUHDQDO\VLVZDVGRQH
XVLQJ ERWK 2SWLFDO 0LFURVFRS\ 20 DQG 6FDQQLQJ (OHFWURQ0LFURVFRS\ 6(0 WR XQGHUVWDQG WKH YDULDWLRQ RI
DYHUDJHJUDLQVL]HRIWKUHHSURFHVVLQJURXWHV
)LJ $YHUDJHJUDLQVL]HZLWKGLIIHUHQWSURFHVVLQJURXWHV
)LJ DQG)LJ VKRZVWKH20DQG6(0PLFURVWUXFWXUHVRISURFHVVLQJURXWH$URXWH&DQGURXWH%F DIWHU
(&$3SDVVHVDWDWHPSHUDWXUHRI.&RPPHUFLDO$=DOOR\ZDVKRPRJHQL]HGDWDWHPSHUDWXUHRI.IRU
KU DQG WKH DYHUDJH JUDLQ VL]H ZDV REVHUYHG WR EH  P ,Q URXWH $ ZKHUH WKH VSHFLPHQ RULHQWDWLRQ LV NHSW
FRQVWDQWDIWHUILUVWSDVVUHSHDWHGVKHDURFFXUVRQWKHVDPHVKHDUSODQHDQGWKHGHIRUPDWLRQOHDGVWRWKHIRUPDWLRQRI
ELPRGDO VWUXFWXUH ODUJH DQG VPDOO JUDLQV ,Q URXWH & WKH VKHDU SODQHV KDYH XQGHU JRQH GHIRUPDWLRQ H[DFWO\
RSSRVLWHWRLWVSUHYLRXVSDVV
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)LJ  20LPDJHVIRUDURXWH$EURXWH&DQGFURXWH%FDIWHUWZR(&$3SDVVHVDW.
7KHFRPELQDWLRQRIHTXLD[HGDQGPD[LPXPVXEJUDLQVDUHREVHUYHGLQURXWH%FZKHUH WKHDOOR\LVURWDWHGE\
 DIWHUILUVW(&$3SDVV+HQFHFKDQJLQJWKHRULHQWDWLRQRIWKHDOOR\IURPRQHSDVVWRQH[WSDVVOHDGVWRGLIIHUHQW
FRPELQDWLRQVRIJUDLQVKDSHVDQGJUDLQVL]HVZKLFKLVHYLGHQWIURPWKHPLFURVWUXFWXUHVDVVKRZQLQ)LJ DQG)LJ 
(YLGHQWO\LQURXWH%FGLIIHUHQWVKHDUSODQHVKDYHGHIRUPHGHIIHFWLYHO\GXULQJ (&$3SURFHVVDQGDVDUHVXOWEHWWHU
JUDLQUHILQHPHQW LVHQKDQFHG LQ WKHPDWHULDO DVVKRZQLQ ILJFDQGILJF6LPLODUO\PDQ\UHVHDUFKHUVKDYH
EHHQSXEOLVKHGSDSHUVDERXWSURFHVVLQJURXWHVXVLQJGLIIHUHQWGLHDQJOHVDQGWKH\KDYHFRQFOXGHGWKDWWKH URXWH%F
JLYHVWKHEHWWHUGHIRUPDWLRQIRUDQ\PDWHULDO 9HQNDWDFKDODPHWDO
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)LJ  6(0LPDJHVIRUDURXWH$EURXWH&DQGFURXWH%FDIWHUWZR(&$3SDVVHVDW.
0LFURKDUGQHVV ZLWKGLIIHUHQWSURFHVVLQJURXWHV
)LJ  LQGLFDWHV WKH YDULDWLRQ RI WKH 9LFNHU¶V PLFURKDUGQHVV RI WKH $= DOOR\ IRU EHIRUH DQG DIWHU (&$3
SURFHVVHGVSHFLPHQV$YHUDJHPLFURKDUGQHVVUHVXOWVZHUHREVHUYHGDWDVUHFHLYHGPDWHULDODQG IRU WKUHHGLIIHUHQW
SURFHVVLQJ URXWHV XS WR  (&$3 SDVVHV ,W FDQ EH REVHUYHG WKDW WKH DYHUDJH PLFURKDUGQHVV RI WKH DV UHFHLYHG
PDWHULDOZDV+9:KHUHDVDWURXWH$URXWH%FDQGURXWH&WKH PLFURKDUGQHVV LQFUHDVHGWR+9+9DQG
+9 UHVSHFWLYHO\ DIWHU (&$3SDVVHV  7KHUH LV DQ LPSURYHPHQW LQ KDUGQHVV RI WKHPDWHULDO EHFDXVH RIZRUN
KDUGHQLQJ RFFXUUHG GXULQJ (&$3 SURFHVV &KXQJ HW DO  :RUN KDUGHQLQJ ZDV LQFUHDVHG ZLWK LQFUHDVLQJ
QXPEHURI(&$3SDVVHV7KLVKDVEHHQSURYHGE\+DOO3HWFK HTXDWLRQ 6ROLPDQHWDO ZKHUHDVLQWKLV FDVH
WKHKDUGQHVVRIWKHPDWHULDOLQFUHDVHVZLWKGHFUHDVH LQ JUDLQGLDPHWHURIWKHPDWHULDO
7KHDYHUDJHPLFURKDUGQHVVRIWKHPDWHULDOIRUURXWH$ URXWH%FDQGURXWH&ZDVIRXQGWREH+9+9DQG
+9 DW WKH DYHUDJH JUDLQ VL]H ZDV  P  P DQG  P UHVSHFWLYHO\ 2YHUDOO WKH KDUGQHVV RI WKH
PDWHULDO LV KLJK LQURXWH%F WKDQURXWH$DQGURXWH&DIWHU(&$3SDVVHVDWD WHPSHUDWXUHRI.+HQFH WKH
PDWHULDOIORZZDVJUHDWO\LQIOXHQFHGZLWKGHIRUPDWLRQGLUHFWLRQLQ(&$3SURFHVV
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)LJ  9DULDWLRQRIPLFURKDUGQHVVZLWKSURFHVVLQJURXWHV
7HQVLOHSURSHUWLHVZLWKGLIIHUHQWSURFHVVLQJURXWHV
)LJ  VKRZ WKHHQJLQHHULQJ VWUHVV YHUVXVSHUFHQWDJHHORQJDWLRQFXUYHVRI$=DOOR\ DW DV UHFHLYHGPDWHULDO
]HURSDVVDQGGLIIHUHQWSURFHVVLQJURXWHVLQ(&$3XSWRSDVV7KHWHQVLOHVWUHQJWKDQGSHUFHQWDJHHORQJDWLRQRI
WKH DV UHFHLYHGPDWHULDOZDV IRXQG WREH03DDQG UHVSHFWLYHO\*HQHUDOO\ DIWHU KRPRJHQL]DWLRQKHDW
WUHDWPHQWSURSHUWLHVRIWKHPDWHULDOZRXOGEHYDU\LQJZLWKFKDQJLQJWLPH DQGWHPSHUDWXUH -DJHUDQG*DUWQHURYD

)LJ  (QJLQHHULQJVWUHVVYVHORQJDWLRQFXUYHVIRUGLIIHUHQWSURFHVVLQJURXWHV
2QWKHFRQWUDU\DIWHUKRPRJHQL]DWLRQDW.IRUKUWKHPDWHULDOWHQVLOHVWUHQJWKZDVGHFUHDVHGWR03D
EXWWKHSHUFHQWDJHHORQJDWLRQZDVLQFUHDVHGWR$IWHU(&$3SDVVHVWHQVLOHVWUHQJWKRIWKH$=DOOR\ZDV
LQFUHDVHGJUHDWO\DQGIRXQGWREH03D03DDQG03DIRUSURFHVVLQJURXWH$URXWH%FDQGURXWH&
UHVSHFWLYHO\,QFUHDVLQJLQWHQVLOHVWUHQJWKZLWKLQFUHDVHLQQXPEHURI(&$3SDVVHVIRUWKUHHSURFHVVLQJURXWHVPD\
EH WKH FDXVH RI VWUHQJWKHQLQJPHFKDQLVP 6LPLODUO\ WKH VWUHQJWKHQLQJ HIIHFW RFFXUUHG GXH WR GLVORFDWLRQ GHQVLW\
ZKLFK LV LQFUHDVHGZLWK LQFUHDVLQJ QXPEHU RI SDVVHV ZDV H[SODLQHG E\9HQNDWDFKDODP HW DO  3HUFHQWDJH
HORQJDWLRQ RI WKH PDWHULDO ZDV LQFUHDVHG WR EH   DQG  IRU WKH VDPH SURFHVVLQJ URXWHV
UHVSHFWLYHO\ 7KH FRPPRQ SKHQRPHQD LQ VWUHVVVWUDLQ FXUYHV LV ZKHQ WKH SHUFHQWDJH HORQJDWLRQ LV GHFUHDVHV
VWUHQJWK RI WKH PDWHULDO LV LQFUHDVHV 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